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EXPERIMENTAL STUDY OF WIND-TLTNNEL WALL EFFECTS 

AND WALL CORRECTIONS FOR A GENERAL-RESEARCH 

V/STOL TILT-WING MODEL WITH FLAP 

By Kalman J. Grunwald 
Langley Research Center 

I 
SUMMARY 

The wall-effects investigation conducted in the Langley 3OO-MPR 7- by 
10-foot tunnel, the 17-foot test section in this 7- by 10-foot tunnel, and the 
Langley full-scale tunnel (30- by 60-foot tunnel) on a tilt-wing configuration 
(with neither fuselage nor tail) showed small wall effects on the force data. 
The application of a wall correction theory (which accounts for wake deflection) 
to the force data from the 7- by 10-foot tunnel resulted in large corrections 
to angle of attack and dynamic pressure. However, when these corrections were 
applied to the data obtained with this particular model, they compensated one 
another in such a manner that the resulting data varied only slightly from the 
original test data. 

This compensating effect appears to be unique for the configuration used 
in this investigation. In prior work on other models (buried-fan configura- 
tions) large noncompensating wall effects were evident in the basic data. 

I Wall effects on pitching moment (flaps on) were large, particularly for 
data taken in the 7- by 10-foot tunnel. 
the pitching-moment data for wall effects on this tailless configuration. 

The wall correction theory corrected 

For tail-on configurations (such as fan-in-wing configurations) the theory 
This inad- 

This 
did not adequately correct for the wall effects on pitching moment. 
equacy is believed to be due to the linear wake assumed in the theory. 
assumption of linear wake is not critical in determining the wall-induced upwash 
at the primary lifting element; however, the interference velocities in the 
region of the tail would differ substantially for assumptions of curved and 
straight-line wakes. 

INTRODUCTION I 
P 

The development of V/STOL aircraft has reached the stage where operational 
rather than test-bed-type aircraft are being designed and developed; however, 
the intelligent design of an operational aircraft requires an adequate 
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understanding of such l imitat ions on wind-tunnel data as a r e  imposed by w a l l  
e f f e c t s  and scale e f f ec t s .  

.. 

Wind-tunnel t e s t s  of V/STOL configurations i n  the  speed range involved i n  
t r ans i t i ons  from hovering t o  normal f l i g h t  require t h a t  models be t e s t e d  under 
conditions where t h e  downward deflected wake from t h e  l i f t i n g  element leaves 
the  model a t  large angles (up t o  90') with respect t o  t h e  free-stream direc- 
t ion.  
velocity. 
t o r t s  the flow f i e l d  a t  l a rge  distances from the model. 
walls the flow i s  constrained t o  be p a r a l l e l  t o  t h e  w a l l s ,  a condition which 
forces an a r t i f i c i a l  r e s t r i c t i o n  on the  flow f i e l d  and thus a f f e c t s  t he  meas- 
ured character is t ics  of t he  model. 

The velocity i n  this wake i s  typ ica l ly  much grea te r  than the  free-stream 
This high-speed wake a t  l a rge  angles t o  the  flow influences and dis- 

However, a t  t h e  tunnel 

A wind-tunnel w a l l  correction theory ( r e f .  1) has been developed t o  
approximate the highly deflected wake condition and i s  discussed b r i e f l y  i n  
appendix A. 
(ref. 2 )  i n  t h a t  it assumes a l i n e a r  wake def lect ion from t h e  model with no 
decay of wake veloci ty  with distance from the model. 

This theory i s  an extension of t h e  c l a s s i c a l  wind-tunnel theory 

The purpose of t h e  present investigation i s  twofold: f i r s t ,  t o  deter-  
mine the  magnitude of the wind-tunnel w a l l  e f f e c t s  on configurations of t he  
deflected-slipstream and t i l t -wing type, where the  wing i s  t h e  primary l i f t i n g  
element through t r a n s i t i o n  and, second, t o  determine t h e  va l id i ty  of applying 
the  theory of reference 1 t o  correct data f o r  wind-tunnel wall e f f ec t s .  

I n  order t o  invest igate  the  magnitude of w a l l  e f f e c t s  t he  same general- 
research wing model was t e s t e d  i n  three wind-tunnel t e s t  f a c i l i t i e s  of d i f -  
f e r en t  size: the Langley 3OO-MPH 7- by 10-foot tunnel, t h e  17-foot tes t  sec- 
t i o n  i n  t h i s  7- by 10-foot tunnel, and the  Langley ful l -scale  tunnel ( re fer red  
t o  herein as the  30- by 60-foot tunnel).  The data from the  tests i n  the  7- by 
10-foot tunnel and t h e  17-foot t e s t  section were corrected by the  method of 
reference 1 and compared with the  data from the  30- by 60-foot tunnel (which 
represents nearly f r e e - a i r  conditions) i n  order t o  determine t h e  v a l i d i t y  of 
the w a l l  correction theory of reference 1. 

Some of t h e  r e s u l t s  from the  present invest igat ion have already been pre- 
sented i n  reference 3 ,  along with information on w a l l  e f f e c t s  f o r  fan-in-wing 
and fan-in-fuselage configurations. 
configuration a r e  discussed ful ly  i n  reference 4. 

The w a l l  e f f e c t s  on t h e  fan-in-fuselage 

SYMBOLS 

The posi t ive sense of forces,  moments, and angles is  shown i n  figure 1. 

&c 
2 

fi(wing span)* 
9 k 

momentum area of l i f t i n g  system, taken herein as 

square f e e t  

cross-sectional area of wind-tunnel t es t  sect ion,  square f e e t  
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CL 

Cm 

CT 

cT,S 

CX 

- 
C 

D 

D i  
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FX 

H 

h '  

L 

MY 

n 

q 

% 

semiwidth of wind-tunnel t e s t  section, f e e t  

l a t e r a l  distance from center of  model t o  right-hand sidewall of 
tunnel (viewed from rea r ) ,  a l so  blade chord, f e e t  

L l i f t  coeff ic ient ,  - 
ss 

MY 
qsz 

pitching-moment coeff ic ient ,  - 

T 
ss free-stream th rus t  coeff ic ient ,  - 
m I- slipstream th rus t  coeff ic ient ,  - 

sSs 

*X 
qs 

longitudinal force coeff ic ient ,  - 

chord of model, f e e t  

t o t a l  drag, pounds 

induced drag (due t o  l i f t ) . ,  pounds 

propel ler  diameter, f ee t  

longitudinal force, pounds 

semiheight of wind tunnel, f ee t  

blade thickness, f e e t  

l i f t ,  pounds 

pitching moment, foot-pounds 

r a t i o  of f i n a l  induced ve loc i t ies  i n  f a r  wake t o  i n i t i a l  induced 
ve loc i t i e s  at model (n  = 2 f o r  t i l t-wing configuration) 

free-stream dynamic pressure, pounds per square foot 

T 

2nd2 
4 

sl ipstream dynamic pressure, q + --> pounds per square foot  

- 
3 



r a t i o  of blade span s t a t i o n  t o  t o t a l  span r / R  

Reynolds number of wing, based on slipstream ve loc i ty  NRe 

S wing area, square foot  

T propeller t o t a l  t h rus t ,  pounds 

All t o t a l  longitudinal interference velocity, posi t ive rearward, f e e t  
per second 

longitudinal interference veloci ty  due t o  induced drag, posi t ive 
rearward, f e e t  per second 

b D  

longitudinal interference veloci ty  due t o  l i f t ,  posi t ive rearward, 
f e e t  per second 

h L  

v free-stream velocity,  f e e t  per second 

AW t o t a l  v e r t i c a l  interference velocity, posi t ive upward, f e e t  per 
second 

v e r t i c a l  interference velocity due t o  induced drag, posi t ive upward, 

reference velocity, posi t ive upward, - 81pLA,, - f e e t  per second 

f e e t  per second 
AWD 

Wh 

v e r t i c a l  interference veloci ty  due t o  l i f t ,  posi t ive upward, f e e t  
per second 

wO mean or  momentum-theory value of v e r t i c a l  induced velocity,  posi t ive 
upward, f e e t  per second ( r e f .  1) 

X, Y? Z location of a point with respect t o  X, Y, and Z axes, respectively 
(x  measured posi t ive rearward, y measured posi t ive t o  the r i g h t  
when viewed from rear,  and z measured posi t ive upward), f e e t  
( ref .  1) 

x ' ,  y ' ,  z '  location of a point with respect t o  X ' ,  Y' ,  and Z '  axes, respec- 
t i v e l y  (x' measured posi t ive rearward, y '  measured posi t ive 
t o  the r i g h t  when viewed from rear,  and z '  measured posi t ive 
upward), f e e t  ( r e f .  1) 

x, y, z Cartesian axes with or ig in  a t  center  of model 

X ' , Y ' , Z '  Cartesian axes centered a t  center  of wind tunnel 

U angle of attack, degrees 

4 



hr 

6f 

7 

6 

'u, D 

P 

Q 

x 

Subscripts: 

c: 

un 

correction t o  angle of a t tack  for j e t  interference,  degrees 

f l a p  deflection, degrees 

r a t i o  of wind-tunnel width t o  wind-tunnel height, , H  

jet-boundary correction, o r  interference, f ac to r  (general)  

interference f ac to r  f o r  longitudinal interference ve loc i ty  due t o  
drag 

interference f ac to r  f o r  longitudinal interference ve loc i ty  due t o  
l i f t  

in terference f ac to r  f o r  v e r t i c a l  interference ve loc i ty  due t o  drag 

interference f a c t o r  f o r  v e r t i c a l  interference ve loc i ty  due t o  lift 

r a t i o  of wind-tunnel semiheight t o  height of model above tunnel 
f l o o r  

r a t i o  of l a t e r a l  distance between model center  and right-hand s ide 
of w a l l  (viewed from r e a r )  t o  semiwidth of wind tunnel, b g 

mass densi ty  of a i r ,  slugs per  cubic foot  

r a t i o  of ro to r  diameter o r  t o t a l  wing span t o  t o t a l  wind-tunnel 
width 

wake skew angle, angle between Z-axis (negative d i rec t ion)  and wake 
center l i ne ,  pos i t ive  rearward, degrees 

corrected 

uncorrected 

MODEL AND APPARATUS 

The t i l t -wing model used f o r  the  wall-effects invest igat ion i s  shown 
i n s t a l l e d  i n  t h e  l7-foot t e s t  sect ion ( i n  the Langley 3OO-MPR 7- by lO-foot 
tunnel)  i n  f igu re  2 and per t inent  dimensions a r e  presented i n  table I. A 
drawing of t h e  model i s  presented i n  f igure  3. 
span, an 18-inch chord, and an NACA 0015 a i r f o i l  section. A f l a p  having a 
30-percent-chord full-span Clark Y a i r f o i l  section and s e t  a t  400 deflect ion 
( f i g .  3) w a s  used on the  model during some of t h e  t e s t s .  

The wing model had a 4.23-foot 

A 8- inch t r ans i t i on  

5 



s t r i p  of No. 60 carborundum (0.012 mean grain diameter) w a s  i n s t a l l ed  on the  
model at 8-percent chord as shown i n  f igure 3 .  
blade form curves a re  i n  f igure  4, was 2 f e e t  i n  diameter. 

* 

Each of the  propellers,  whose 

The model had no fuselage, but a 5-inch width a t  t h e  center of the  wing, 
from maximum thickness aft ,  w a s  contoured t o  allow f o r  the  entrance of t he  
s t i n g  and balance. The same support s t ings  and readout equipment were used i n  
each of the three t e s t  sections.  The or ientat ion of the model with respect t o  
the  tunnels is  schematically represented i n  f igure  5. The model w a s  pitched i n  
the  yaw plane of the  l7-foot t e s t  section and the  Langley fu l l - sca le  tunnel 
( referred t o  as the  30- by 60-foot tunnel) t o  allow a range of angles of a t tack  
t o  be recorded from 0' t o  90' i n  one continuous run. However, because of the 
s i z e  of the 7- by 10-foot tunnel no complete angle-of-attack t r ans i t i on  could 
be made without changing the  s t i ng  configuration. 
40' t o  TO0 were used i n  the  7- by 10-foot tunnel so t h a t  tes ts  could be made 
a t  angles of a t tack  as large as 90'. None of the changes i n  angle of a t tack  
resul ted i n  any s ign i f i can t  change i n  posi t ion of the  model i n  the tunnel. 

Stings bent a t  angles of 

The model overa l l  forces  were measured on a six-component i n t e rna l  s t ra in-  
gage balance. The pi tching moments were t ransferred from the balance t o  the 
quarter-chord of the  wing as indicated i n  f igure  3. The model motors were a l so  
mounted on strain-gage beams t o  give readings of propel ler  thrust ,  normal force, 
torque, and pitching moment. 

TESTS 

When embarking on an invest igat ion i n  an  e f f o r t  t o  determine the  magnitude 
of w a l l  e f f ec t s  where only s m a l l  differences i n  the  da ta  may be found, a very 
systematic approach i s  necessary. Such an approach w a s  attempted i n  t h i s  
investigation. Power-on tests of the model were made f o r  a range of angle of 
a t t ack  from 0' t o  90' i n  5' increments f o r  near ly  constant sl ipstream t h r u s t  
coeff ic ients  of 0.50, 0.60, 0.72, 0.75, 0.80, 0.86, 0.90, 0.92, 0.93, 0.94, and 
0.95 with the f l aps  on and o f f .  The t e s t s  were conducted f i r s t  i n  t h e  7- by 
10-foot tunnel ( i n  background i n  f ig .  2 ) .  Then t h e  model w a s  moved d i r e c t l y  
t o  the  30- by 60-foot tunnel i n  which the t e s t s  were duplicated. 
model was moved t o  the  l7-foot t e s t  sect ion of the  7- by 10-foot tunnel ( f ig .  2 )  
where the t e s t s  were duplicated again. 

Finally,  the  

The basic  power-on t e s t s  were made with wing Reynolds numbers near 
6 .3  X lo5, based on propel ler  sl ipstream veloci ty .  
propellers varied from 4500 rpm t o  near ly  6000 rpm i n  order t o  hold th rus t  
constant. 

Rotational speed of t he  

6 
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tunnel,-17-foot test section, and 30- by 60-foot tunnel) at 
are presented in figures 6 and 7. 
was good, as would be expected (except for some excessive scatter in pitching 
moment in fig. 7). The theoretical power-off lift-curve slope as computed from 
reference 5 is 0.057 per degree and is in good agreement with the data in fig- 
ure 6. The conventional wall correction theory (presented in ref. 6) applied 
to the lift-curve slope computes only a 3% correction to the data measured in 

NRe = 6.3 X lo5 
Agreement between the three sets of data 

I the 7- by 10-foot test section. 

EFFECT OF RATIO OF MODEL SIZE TO TUNNEL SIZE ON WALL EFFECTS 

I ' The effects of Reynolds number on the characteristics of the wing are pre- 
sented in figure 8 and the only significant effects occur at maximum lift coef- 
ficient as expected. 

7 

The parameter used to define model size for these tests is the model momen- 
tum area h. 
leaving the lifting element of the model (ref. 1). For the tilt-wing and 
deflected-slipstream configuration, where the wing is the primary lifting 
element, was assumed to be the area of the circle whose diameter is the 
span of the wing. 
better represent the momentum area; however, computations indicated that for 
the range of speeds in this investigation, the momentum area based on the wing 
span would be the more desirable choice. 

The model momentum area is the cross-sectional area of the wake 

A, 
At the very lowest speeds the propeller disk area would 

By testing the same tilt-wing wall-effects model in three test sections of 
different size the ratio of model size to tunnel size was varied in a system- 
atic manner. The ratio of model momentum area to tunnel cross-sectional area 

- was 0.18 for the model in the 7- by 10-foot tunnel, 0.047 for the model in 
the 17-foot test section, and 0.008 for the model in the 30- by 60-foot tunnel. 

f4n 
AT 

Because of the large ratio of tunnel size to model size, the 30- by 60-foot 
tunnel represents a facility nearly free of wall effects. The data from the 
tests in this tunnel were thus assumed to be completely free of wall effects. 
The 17-foot test section was chosen primarily because this facility is being 
used for VTOL and STOL testing and it was important that the wall effects be 
known. The 7- by 10-foot tunnel was chosen as the third test facility because 
it represented a condition where the ratio of model size to tunnel size (0.18) 
is so large that the data were expected to have very large wall effects. 

RESULTS AND DISCUSSION 

Experimental Wall Effects 

Power-off data. - The power-off data, with propellers removed (flaps off 
and flaps on), from the tests in the three test facilities (7- by 10-foot 
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Power-on lift- and longitudinal-force data. - The basic uncorrected power-on 
lift-, longitudinal-force, and pitching-moment data from the tests in the three 
tunnels are presented for a number of nearly constant thrust coefficient in 
appendix B (figs. B1 and B2). These lift-, longitudinal-force, and pitching- 
moment coefficients were plotted as a function of thrust coefficient. From 
these plots, constant-thrust-coefficient cross plots of lift coefficient were 
made and are presented in figure 9 (flaps off) and figure 10 (flaps on), as a 
function of angle of attack and as lift-longitudinal-force polars at free- 
stream thrust coefficients of 4, 8, and 12 (CT,~ = 0.80, 0.88, and 0.93, 
respectively). 

The comparison of the lift and longitudinal force from the three tunnels, 
at constant thrust coefficient, indicated small wall effects. 

Pitching-moment data.- The basic pitching-moment-coefficient data are pre- 
sented in appendix B (fig. B1 for flaps off and fig. B2 for flaps on). 
flaps-off pitching moments (fig. B1) were small in magnitude for each tunnel 
and indicated negligible differences when compared. However, there were large 
differences between the flaps-on pitching-moment data (fig. B2) from the three 
tunnels, an indication of the large effect of the tunnel walls. 
discussion of the pitching-moment data and the implications of the large wall 
effects are included in the next section. 

The 

A more detailed 

Procedure Used for Application of Wall Corrections 

Reference 1 presents a linearized wind-tunnel wall correction theory to 
correct wind-tunnel data from VTOESTOL configuration for wall effects. In 
this theoretical approach the wake of any generalized lifting system is con- 
sidered to be represented by a semi-infinite string of point doublets whose 
axes are tilted at an angle related to the lift and drag of the model. This 
inclined wake gives rise to both longitudinal and vertical-jet boundary inter- 
ference factors. The interference factors 6 applicable to the present test 
in the three tunnels are presented in figure 11 and are taken from references 7, 
8, 9, and 10. 

The theory of reference 1 is strictly applicable only to vanishingly small 
models because it assumes that the lifting element can be represented by a point 
doublet. It is proposed in reference 1, however, that for those cases where the 
wing span is appreciable with respect to the tunnel width the wing can be repre- 
sented by a number of lifting elements as shown schematically in figure 12, 
where three lifting elements have been chosen. 
mutual interference effects of each element on the others were calculated as 
suggested by reference 1 for the 7- by 10-foot tunnel. 
tion factors are shown in figure 11. These factors have been applied to the 
data and the results are compared with similar results for the one-point method 
in figure 13. 
two methods is so small as to be considered negligible. The rest of the data 
in this paper was corrected by using the one-point method. 

In this three-point method the 

The calculated correc- 

As can be seen, the difference between the data computed by the 

The method by which the correction factors were computed and applied to 
the data is presented in appendix A as well as in reference 1. Some suggestions 

8 



'for shortening data-reduction-machine t i m e  when applying the corrections a re  
a l so  presented i n  appendix A. 

Because of the large angle (skew angle X i n  r e f .  1) a t  which the wake 
leaves the l i f t i n g  element, the  tunnel walls cause longitudinal as  well as 
v e r t i c a l  induced ve loc i t ies  a t  the model location. Thus both the angle of 
a t tack  and the  tunnel veloci ty  (or dynamic pressure) must be corrected f o r  wall 
e f fec ts .  

Some typ ica l  angle-of-attack corrections L!u and dynamic-pressure correc- 
t ions Q/q as well as the skew angle X associated with these corrections 
a re  presented i n  f igure 14, f o r  data from a l l  three tunnels a t  free-stream 
th rus t  coeff ic ients  of approximately 13.5 and 6.0. As indicated i n  f igure  14, 
the corrections for  data  from the 30- by 60-foot tunnel a r e  essent ia l ly  zero. 
This w a s  t rue  f o r  a l l  data from t h a t  tunnel; therefore, no tunnel wall correc- 
t ions  were applied t o  any data  from the 30- by 60-foot tunnel and these data  
were considered t o  be a wall-interference-free base f o r  comparisons w i t h  data  
from the 17-foot t e s t  section and the 7- by 10-foot tunnel. 

Comparisons of Corrected Force Data 

Data from 7- by 10-foot and 30- by 60-foot tunnels.- The data  i n  f igures  13 
and 14 can be used t o  i l l u s t r a t e  the method by which basic data a re  corrected 
and also the implications of the corrections. 

Large changes i n  the lift-, the longitudinal-force, the pitching-moment, 
and the thrus t  coeff ic ients  occur when the hr and qc/q corrections (pre- 
sented i n  f i g .  14) f o r  the 7- by 10-foot tunnel data a re  applied t o  the basic 
da ta  i n  f igure 13. 
data  i s  tha t  the  corrections of reference l a r e  obviously too large since it 
has already been shown t h a t  the wall  e f fec ts  f o r  t h i s  t i l t -wing model a re  small. 
However, t h i s  impression i s  erroneous because, although there  are  large changes 
i n  the forces and moments, there  i s  a l s o  a large change i n  the thrus t  coeffi-  
cient.  I n  order t o  compare the  net  e f fec t  of the  wal l  corrections the da ta  
must be compared a t  a constant corrected thrust  coeff ic ient .  
corrected data  from the 7- by 10-foot t e s t  section were plot ted as  a function 
of t h rus t  coeff ic ient  ( f ig s .  15 and 16) and cross p lo ts  were made at  constant 
th rus t  coeff ic ient  ( f ig s .  17 and 18). 
from the  30- by 60-foot tunnel showed only a small net  wall  effect .  If la rge  
changes i n  the corrected th rus t  coefficients a re  expected a t  the beginning of 
the  t e s t s  enough thrust-coeff ic ient  conditions should be chosen so tha t  a cross 
p lo t  s i m i l a r  t o  the one previously mentioned can be developed. 

Although the  n e t  e f fec t  of applying corrections t o  the data taken i n  the 
7- by 10-foot tunnel ( f ig s .  17 and 18) indicated l i t t l e  change from the uncor- 
rected curve t o  the  corrected curve the corrections t o  angle of a t tack and 
dynamic pressure were very large ( f ig .  14).  If only the angle-of-attack cor- 
rect ions had been applied t o  the data and the dynamic-pressure correction had 
not been applied, large differences would have existed between the corrected 
and uncorrected data. In  order t o  i l l u s t r a t e  t h i s  point the uncorrected data  
(7- by 10-foot tunnel) from f igure 18 (f laps  on) have been corrected i n  s teps  
( f i g .  19) t o  show the  e f fec t  of applying only the  angle-of-attack correction 

The f i rs t  impression imparted by these large changes i n  the 

Therefore, the 

The resul t ing comparisons w i t h  the  data 
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and then applying the  dynamic-pressure correction. It can be seen from the 
da ta  i n  figure 19 t h a t  s t ep  changes of 10 t o  15 percent occur i n  the lift coef- 
f i c i e n t  when the corrections are  applied separately. 

The s igni f icant  conclusion f o r  t he  lift- and longitudinal-force-coefficient 
data i s  tha t  the large a corrections computed by the method of reference 1 f o r  
t h i s  model compensate f o r  the  large corrections and t h e  overa l l  net r e su l t  
i s  not s ignif icant ly  d i f fe ren t  from the  or ig ina l  data. "his compensating fea- 
t u re  of the corrections appears t o  be peculiar t o  t h i s  configuration, as evi- 
denced i n  f igure  20 (taken from f i g .  1 8 ( ~ )  of re f .  4) where the  l i f t  corrections 
did not compensate one another f o r  the buried-fan configurations. 

q 

Data from l7-foot t e s t  section and 30- by 60-foot tunnel.- A data compar- 
ison similar t o  t h a t  made f o r  t e s t s  made i n  the  7- by 10-foot and 30- by 60-foot 
tunnels has a l so  been made f o r  tests made i n  the.17-foot t e s t  section Ad the  
30- by 60-foot tunnel. A similar cross-plot procedure w a s  used i n  reducing and 
correcting the  data from tests i n  the 17-foot t es t  section. The flaps-on data  
f o r  a constant th rus t  coeff ic ient  are compared f o r  the  17-foot t es t  section and 
the 30- by 60-foot tunnel i n  f igure  21. This comparison indicates  higher l i f t  
coeff ic ients  i n  the l7-foot t es t  section than  i n  the  30- by 60-foot tunnel both 
before and a f t e r  corrections.  

This r e su l t  may be due t o  the unusual shape of the  t e s t  section. The w a l l  
correction theory i s  based on an inf ini te- length tes t  sect ion with the wake from 
the model flowing along the  f l o o r  i n  a s t r a igh t  l i n e  t o  in f in i ty .  This assump- 
t i on  i s  not badly violated f o r  most wind tunnels, such as the 7- by 10-foot and 
30- by 60-foot tunnels; however, the 17-foot t e s t  sect ion has a severely con- 
vergent section immediately behind the short  15-foot-long tes t  section. This 
convergent section would cause a large change i n  the  path of the  r e a l  wake. 
Under these circumstances the assumptions about wake locations are severely 
violated.  Thus, t he  theory of reference 1 would not be applicable f o r  wind- 
tunnel t e s t  sections of t h i s  design. 

From a prac t ica l  consideration it can be seen t h a t  da ta  from the  l7-foot 
t e s t  section a re  i n  good enough agreement with correction-free data from the 
30- by 60-foot tunnel t o  be considered usable. 

Results of Wall Corrections Applied t o  Pitching Moment 

The preceding discussion has generally been l imited t o  the  e f f ec t s  of w a l l  
It has been shown t h a t  by applying corrections on l i f t  and longitudinal force. 

these large corrections t o  the  force da ta  from t h i s  pa r t i cu la r  model the  net  
change i n  t h e  data i s  small. Since the experimental w a l l  e f f ec t s  were s m a l l  
t o  begin with, the corrected data a re  i n  good agreement with correction-free 
data.  However, f o r  the flaps-on pitching-moment data, large w a l l  e f f e c t s  were 
encountered. By applying the  theory of reference 1 t o  the  da ta  from the  7- by 
10-foot and 30- by 60-foot tunnels, these w a l l  e f f ec t s  were predicted and cor- 
rect ions made. 

Typical constant-thrust-coefficient cross p lo t s  of t he  pitching-moment 
coefficient against angle of a t tack  a re  presented i n  f igure  22 ( f l a p s  o f f )  and 
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f igure  23 ( f l a p s  on). 
ison of the  basic uncorrected data  f o r  the t e s t s  i n  the three t e s t  f a c i l i t i e s  
and the  upper p a r t  shows the  corrected data. 

The lower par t  of eachof  these f igures  shows a compar- 

The pitching-moment coef f ic ien ts  ( f l a p s  o f f )  shown i n  f igure  22 were very 
small and w a l l  e f f ec t s  were not evident. 
da ta  good agreement s t i l l  remained. Large wall e f f ec t s  are, however, evident 
i n  the flaps-on data i n  f i gu re  23 (pa r t i cu la r ly  a t  t h r u s t  coef f ic ien ts  of 8 and 
14); these w a l l  e f f ec t s  a r e  typ ica l  of a l l  flaps-on da ta  f o r  the  higher t h rus t  
coef f ic ien ts .  

With w a l l  corrections applied t o  these 

For t a i l -on  configurations (such as fan i n  wing, r e f .  3) the  theory d id  not 
adequately cor rec t  f o r  the  w a l l  e f f ec t s  on pitching moment. This inadequacy i s  
believed t o  be due t o  the linear-wake s implif icat ion i n  the theory as discussed 
i n  reference 3. This assumption of a l i n e a r  wake i s  not c r i t i c a l  i n  determining 
the wall-induced upwash a t  the primary l i f t i n g  element; however, the  in t e r f e r -  
ence ve loc i t i e s  i n  the region of the t a i l  would d i f f e r  subs t an t i a l ly  f o r  assump- 
t i o n s  of curved and s t r a igh t - l i ne  wakes. 

Limitations of Theory of Reference 1 

Although the  general agreement between the corrected data  f o r  f l a p s  on 
from the 7- by 10-foot tunnel and the f ree-a i r  data (30- by 60-foot tunnel)  w a s  
good, the corrected data indicated noticeably higher longitudinal-force coeffi-  
c i en t s  a t  the highest  angles of a t tack  ( l i f t - longi tudinal-force polars  of 
f i g .  18). 
coef f ic ien t  i s  p lo t ted  against  angle of attack and the approximate angle of 
a t tack  a t  which excessive overcorrection i s  considered t o  occur is  indicated. 

This i s  more c l ea r ly  shown i n  f igure 24(a)  where longitudinal-force 

The angle-of-attack and dynamic-pressure correct ions corresponding t o  the 
data of f igu re  24 a re  shown i n  f igure  25. 
increases continuously w i t h  angle of a t tack  whereas the  dynamic-pressure cor- 
rec t ion  
corrected and f r ee -a i r  longitudinal-force-coefficient curves diverge s ign i f i -  
cantly.  
which the correct ion theory appears t o  break down a re  presented i n  f igure  26 
along with the  skew angle X a t  which these occur. It should be noted t h a t  
these boundaries apply s t r i c t l y  t o  t h i s  configuration and may be somewhat d i f -  
f e r en t  f o r  o ther  configurations.  

The angle-of-attack correction 

Q/q 

The angle-of-attack correct ion and dynamic-pressure correct ion a t  

reaches a maximum a t  about the same angle of a t tack  a t  which the 

The flaps-off data  of f igure 24(b) do not  ind ica te  any theory overestima- 
t ion; however, from the f laps-off  data  of figure 25 it can be seen that the 
point  of maximum deviation f o r  the dynamic-pressure correct ion was not reached. 

The apparent theory breakdown may have come from the  nature of the  theory, 
that is, the  assumption of a l i n e a r  wake w i t h  no j e t  mixing. A curved-wake 
theory, with some air  mixing of the slipstream and f r e e  stream assumed, has 
been attempted i n  reference 11. 
fying  assumptions used i n  applying the theory, such as using measured drag f o r  

It is  a l so  possible t h a t  some of the  simpli- 
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induced drag and assuming model momentum area to be the circle whose diameter 
is the wing span, may have caused some of the indicated differences. 

CONCLUDING REMARKS 

The wall-effects investigation conducted in the Langley 300-MPH 7- by 
10-foot tunnel, the 17-foot test section in this 7- by 10-foot tunnel, and the 
Langley full-scale tunnel (30- by 60-foot tunnel) on a tilt-wing configuration 
(with neither fuselage nor tail) showed small wall effects on the force data. 
The application of a wall correction theory (which accounts for wake deflection) 
to the force data from the 7- by 10-foot tunnel and the 17-foot test section 
resulted in large corrections to angle of attack and dynamic pressure. However, 
when these corrections were applied to the data obtained with this particular 
model, they compensated one another in such a manner that the resulting data 
varied only slightly from the original test data. This compensating effect 
appears to be unique for the configuration used in this investigation. 
prior work on other models (buried-fan configurations) large noncompensating 
wall effects were evident in the basic data. 

In 

Wall effects on pitching moment with the flaps on were large, particularly 
for data taken in the 7- by 10-foot tunnel. 
rected the pitching-moment data for wall effects on this tailless configuration. 

The wall correction theory cor- 

For tail-on configurations (such as fan-in-wing configurations) the theory 
did not adequately correct the wall effects on pitching moment. 
quacy is believed to be due to the linear wake assumed in the theory. This 
assumption of a linear wake is not critical in determining the wall-induced 
upwash at the primary lifting element; however, the interference velocities 
in the region of the tail would differ substantially for assumptions of curved 
and straight-line wakes. 

This inade- 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., March 9, 1965. 
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TABLE I 

MODEL DIMENSIONS 

Wing : 
Air fo i l  sect ion . . . . . . . . . . . . . . . . . . . . . . . . . .  NACA 0015 
Area, f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.34 
Chord, f t . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.50 
Span, f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.23 

Propeller: 
Diameter, f t  . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Total disk area, sq f t  . . . . . . . . . . . . . . . . . . . . . .  

2.00 
6.28 

Flap : 
Air fo i l  sect ion . . . . . . . . . . . . . . . . . . . . . . . . . .  Clark Y 
Total  area, sq f t  . . . . . . . . . . . . . . . . . . . . . . . . .  1.69 
Chord, f t . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.43 
Total  span (center  cutout excluded), f t  . . . . . . . . . . . . . .  3.75 
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Figure 4.- Propel ler  blade form curves. 



7kIO' tunnel boundaries 

17' test-section bounduries 

i 

30'x60' tunnel boundaries 

Figure 5.- Drawing indicating relative size and position of wall-effects model in Langley 
7- by 10-foot 300-MPH tunnel, 17-foot test section of this 7- by 10-foot tunnel, and 
Langley full-scale tunnel (30- by 60-foot tunnel). 
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Figure 6. - Tunnel-size comparison of l i f t - ,  longi tudinal-force,  and pi tching-  
moment c o e f f i c i e n t s  as funct ions of angle of a t tack.  Power o f f ;  f l a p s  o f f ;  
Reynolds number = 6.3 x 16. Flagged symbols denote repeat po in ts .  
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Figure 7.- Tunnel-size comparison of lift-, longitudinal-force, and pitching-moment 
coefficients as functions of angle of attack. 
Reynolds number = 6.3 x 105. 

Power off; flaps on (deflected 40'); 



. 
Reynolds Tunnel  q,  

test fac i l i i y  lb /sqf f  number 
Q 7 ' x I O '  6 6.3 x IO5 
0 7 ' x  IO' I2 96 x IO5 

7 ' x  IO' 24 1 4 . 0 x 1 0 5  

Figure 8.- Effect of Reynolds number on lift-, longitudinal-force, and pitching-moment coef- 
ficients as functions of angle of attack in 7- by 10-foot tunnel. 
Flagged symbols denote repeat points. 

Power off; flaps off. 
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Figure 13.- Comparison of uncorrected data and data with &. and qc/q corrections 
applied (one- and three-point methods from ref. 1). 
tunnel. 

Flaps off; 7- by 10-foot 
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Tunnel  16 
t e s t  f a c i l i f y  Correction method 

0 7 ' x l O '  Uncorrected 
7 ' x  IO' One-potnf method 

0 7 ' X l O '  Three- Do in  f me f hod 

(a) Concluded. 

Figure 13. - Continued. 
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Figure 13. - Continued. 
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Tunnel  
t e s t  f a c i l i t y  Correction meihod 

Uncorrected 0 7 ' X l O '  
7 ' x  IO' One-poini meihod 

0 7 ' x f O '  Three-po int method 

(b) Concluded. 

Figure 13. - Concluded. 
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Tunnel 
test f ac i l i t y  
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0 I 7' 
0 7 ' x I O '  

1 1 I I I 1 I 
0 IO 20 30 40 50 60 70 80 90 

(a) Flaps off. 

Figure 14.- Typical La and qc/q correc t ions  and values of X, determined by using t h e  

method of re ference  1. 
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(b) Flaps on. 

Figure 14. - Concluded. 
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(a) Lift coe f f i c i en t  as a m c t i o n  of t h r u s t  c o e f f i c i e n t .  

Figure 15.- Comparison of data  from 7- by lo-foot tunnel  and 30- by 60-foot tunnel ,  
corrected f o r  wa l l  e f f e c t s  by method of reference 1. Flaps O f f .  
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(b) Longitudinal-force coefficient as a fknction of thrust coefficient. 

Figure 15. - Concluded. 
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Cr,c 

(a )  Lif t  coef f ic ien t  as a funct ion of t h r u s t  coef f ic ien t .  

Figure 16.- Comparison of da ta  from 7- by lo-foot tunnel  and 30- by 60-foot tunnel ,  
corrected f o r  w a l l  e f f e c t s  by method of reference 1. Flaps On. 
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(b) Longitudinal-force coefficient as a function of thrust coefficient. 

Figure 16. - Concluded. 
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o .39 Uncorrected, l5.7'xliTO' tunnel 
.40 Uncorrected, 4.4'x701 tunnel  
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Figure 20.- Example of noncompensating wall effect on lift for buried-fan model (corrected 
and uncorrected data) t&en from figure 18(c) of reference 4 for various values of ratio 
of free-stream velocity to jet-exit velocity V,/Vj. M, D, and L are pitching moment, 
drag, and lift for complete model, respectively; To is fan thrust in pounds; E is mean 
aerodynamic chord (0.814 foot). 



0 0 .  



. 
0 

. 
4 
Q 

0 .  

53 



tt 
i 

54 



,c 

Cm 

/ 

0 

- /  

/ 

0 

-./ 

- 3  

Tunnel 
tesf facility 

o 3 0 ' x 6 0 '  
7'xlO' corrected by ref: I 

.L 

0 20 40 
a of ac, deg 

60 80 

(a) CT = 4; C = 0.80. T, s 

Figure 22.- Comparison of pitching-moment coefficients at constant thrust coefficients for 

Flaps Off. 
basic data and data corrected for wall effects by method of reference 1 for 7- by 
10-foot and 30- by 60-foot tunnels. 
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Figure 22. - Continued. 
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Figure 23 . -  Comparison of pitching-moment coefficients at constant thrust coefficients for 
basic data and data corrected for wall effects by method of reference 1 for 7- by 
10-foot and 30- by 60-foot tunnels. Flaps on. 
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Figure 23. - Concluded. 
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Figure 26.- Boundaries for X, @a, and $19 at which the theory overestimation of 
occurred, taken from flaps-on data from 7- by longitudinal-force coefficient 

10-foot tunnel. 
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APPENDIX A 

METHOD USED I N  APPLYING CORRECTIONS 

The general  method of applying corrections i s  presented i n  appendix C of 
reference 1. 
machine t i m e .  

However, no discussion i s  included f o r  minimizing e lec t ronic  

A method of applying corrections t o  t e s t  data with a t t en t ion  t o  ce r t a in  

Equations ( A l ) ,  ( M ) ,  and (A3) are  basic equations ( 3 5 ) ,  (37) ,  and ( 3 6 ) ,  

time-saving features  f o r  machine calculation i s  presented i n  t h i s  appendix. 

respectively,  from reference 1 and are writ ten as follows: 

Then compute 

n = 2( f o r  wing-propeller configuration) L 
wh = 

Assume D = D i  f o r  purposes of simplicity.  This assumption i s  approxi- 
mately correct  a t  very low speeds and, therefore 

Given 2 and -Y t he  nomograph i n  reference 1 can be used t o  solve f o r  
L wh 

I 
I !b .. and X. However, t h i s  i s  a slow hand process f o r  computing corrections.  
I 
I wh For machine use,  t he  quar t ic  i n  equation ( A 3 )  must be solved. _ _  Since only one 

WO 

wh 1 root,  t he  root between zero and one, i s  needed t o  determine 

skew angle, t he  solution of t h e  e n t i r e  quartic wastes t i m e .  

- and then the  
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APPENDIX A 

A method fo r  solving a quart ic  with a root between zero and one i s  the  
Newton-Raphson method ( r e f .  12 ) .  

Putting equation ( A 3 )  i n  t h e  form 

This method i s  outlined as follows: 

Assume D = D i  and s e t  

Equation ( A 5 )  can be wri t ten 

0.5 Assume tha t  - = 

f o r  -* 2, then 

and subs t i t u t e  t h i s  value i n  equations ( A 6 )  and (A7)  WO 

~ (wh 11 

Substi tute - wo i n  equations (AS) and (A7)  and i terate u n t i l  fo < 0.001. 
(&I2 f ' ( x )  

I This now gives the  solut ion f o r  - wo t o  t h ree  decimal places.  This procedure w, 
takes an average of 10 seconds on a computer. 
4 roots of a quart ic  on t h i s  machine takes 130 seconds. 
b l e  t i m e  can be saved i n  the  computing by using t h e  Newton-Raphson method. 

The general  so lu t ion  fo r  a l l  
Obviously considera- 
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Solve f o r  - v as follows: 
WO 

The wake skew angle can be determined from 

and the  tes t  f o r  t h e  sign of X i s  as follows: 

If - V D  > - X i s  posi t ive;  i f  -< V x i s  negative. 
-wo L’ -wo E’ 

A t  t h i s  point t he  four interference factors  6 must be determined. These 
6 
element) remains i n  the  same locat ion i n  the tunnel  f o r  a l l  tests these 
values w i l l  hold f o r  a l l  the  data.  Each t i m e  the  model locat ion is  changed the  
6 values must be changed t o  correspond t o  the  new locat ion.  

values can be taken from references 7, 8, 9, and 10. If the  model ( l i f t i n g  
6 

“he 6 values can be programed i n t o  a lookup t ab le  by using slope in te r -  
cept method o r  the values can be programed i n t o  a curve fit. 
sent 6 f ac to r  as a function of X. The slope intercept  method i s  t h e  faster 
of t he  two f o r  t h i s  type of curve. 
t he  data reduction i s  straightforward. 

Both methods pre- 

After the values of 6 have been determined 

Compute as follows: 

where 
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where 

MU 
‘u,D 

AUD - =  v 

Aw 

L, = L cos &L - D s i n  h 

D, = L s i n  &L + D cos hr 



APPENDIX B 

BASIC UNCORRECTED POWER-ON LIFT, LONGITUDINALFORCE, 

AND PITCHINGMOMENT DATA 

The basic uncorrected power-on lift, longitudinal-force, and pitching- 
moment data from the tests in the three tunnels are presented for a number of 
nearly constant thrust-coefficient conditions in figure B1 (flaps off) and 
figure B2 (flaps on). 

The stall shown in the lift- and longitudinal-force data from the l7-foot 
test section (for flaps off, at low thrust coefficients, figs. Bl(a) to (d)) is 
not believed to be a wall effect. Repeat tests showed that, although transition 
was fixed by a roughness strip (fig. 3), in this range of thrust coefficients 
the stall was not repeatable and the data would agree sometimes with that shown 
in the figures and sometimes with the data from the other two test sections. 

I Some of the differences in the lift- and longitudinal-force data for the 
three test facilities are due to the fact that it was not possible to hold 
thrust coefficient exactly constant in each of the facilities. It was neces- 
sary, therefore, to cross-plot the data to obtain comparisons at constant thrust 
coefficient. 
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Figure B1.- Comparison of uncorrected data for tests In three facilities for a range Of 
thrust coefficients. Flaps off. 



(a) Concluded. 

Figure B1.- Continued. 
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(b) CT z 1.5; C T , ~  z 0.60. 

Figure B1.- Continued. 
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Figure B1.- Continued. 
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74 



APPENDIX B 

- 3  

-2 

-/ 

0 

/ 

2 

3 

7 

6 

5 

4 

3 

2 

/ 

0 

- /  

- 
0 20 30 40 50 60 70 

( c )  Concluded. 

F i g u r e  B1.- Continued. 

75 



APPENDIX B 

0 20 40 
*, de9 

4 2 

60 

Tu nne I 
test facil i ty 

0 3 0 ' x 6 0 '  
0 / 7' 
0 7'x /o'  
0' 7 ' x / O '  

0 

CX 

- 2  

80 

! 
Sting angle, 

de9 
0 
0 
0 
40 

//1 j_l 
- 4  

(d) CT 3.0; C T , ~  e 0.75. 

Figure B1.- Continued. 

76 



Tunnel St ing angle, 
tes f facil i fy deg 

0 10 20 30 40 50 60 70 80 
a, deg 

( d )  Concluded. 

Figure B1.- Continued. 

77 



APPENDIX B 

-.5 
0 lo 20 30 40 50 

r2 I de9 
60 70 80 90 loo 

7 

6 

5 

4 

3 

2 

f 

0 

- I  

t' 

I 

b 

m 

Tunnel Sting angle, 
lest fac i l i ty  de9 
3 0 ' x 6 0 '  

17 . .  
0 
0 
0 

40 
0 7 'x lO '  
e 7'xfO' 

6 4 - 4  2 0 
CX 

-2 

( e )  CT = 4.0; CT,S = 0.80. 

Figure B1.- Continued. 
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Figure B1.- Continued. 
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Figure B1.- Continued. 
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( h )  Concluded. 

Figure B1. - Continued. 
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(k) Concluded. 

Figure B1.- Concluded. 
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( b )  Concluded. 

Figure B2.- Continued. 
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(g) Concluded. 

Figure B2.- Continued. 
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(h)  Concluded. 

Figure B2. - Continued. 
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